We report a valley photonic crystal (VPhC) waveguide in a GaAs slab with InAs quantum dots (QDs) as an internal light source exploited for the experimental characterization of the waveguide. A topological interface state formed at the interface between two topologicallydistinct VPhCs is used as the waveguide mode. We demonstrate robust propagation for the near-infrared light emitted from the QDs even under the presence of sharp bends due to the topological protection of the guided mode. Our work will be of importance for developing robust photonic integrated circuits with small footprints, as well as for exploring active semiconductor topological photonics.
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Topology has been a keyword in the field of condensed matter physics [1] [2] . Novel concepts based on topological physics have renewed our understanding of materials and have opened innovative routes to engineer the flow of electrons. Recently, the concept of topology has been extended to photonics, thereby realizing various novel states of electromagnetic waves [3] [4] [5] [6] . The hallmark of such topological photonic systems is the existence of topological edge states. They are topologically protected and can guide light with suppressed back reflection even under the presence of defects and sudden changes in the propagation direction. These properties are highly attractive for developing loss-free photonic integrated circuits with ultra-compact footprints.
Topological photonics systems have been implemented theoretically and experimentally via various approaches, including those emulating quantum Hall systems 7, 8 composed of gyromagnetic photonic crystals 9 and waveguide arrays 10 , and quantum spin Hall systems consisting of coupled ring resonator arrays 11, 12 and photonic crystals. [13] [14] [15] [16] [17] [18] [19] Among the various topological photonic systems, valley photonic crystals (VPhCs) [20] [21] [22] [23] [24] [25] are one of the promising platforms for integrated photonics. They can be realized simply by breaking the spatial inversion symmetry of the lattice as discussed below. Regardless of this simple realization scheme, at the interface between two VPhCs with distinct valley topologies, topologicallyprotected waveguide modes can be utilized without applying an external magnetic field. The waveguide mode exhibits efficient guiding of light even with sharp turns. Robust light guiding in VPhC waveguide has been experimentally demonstrated at microwave frequencies 21, 24 . Very recently, aiming at the application to integrated photonics, siliconbased VPhCs slabs that function for transverse electric (TE) polarization at the near infrared region, have been reported 26, 27 . Silicon is an excellent material for passive photonic circuits.
On the other hand, the use of compound semiconductors is also advantageous because it is possible to introduce efficient active light emitters to VPhC systems. These light emitters can not only be utilized as internal light sources to characterize the valley-protected waveguide modes but are also imperative for realizing active topological photonic devices [28] [29] [30] [31] [32] [33] .
In this letter, we experimentally demonstrate a VPhC waveguide made of compound semiconductor. We fabricated a VPhC waveguide on a GaAs slab embedding light-emitting InAs QDs 34 . The waveguide is formed at the interface between two topologically-distinct 3 slab-type VPhCs, supporting an interface waveguide mode for TE-polarized light. We verified the light transmission through the topological interface mode using photoluminescence from the QDs in the near infrared. The wave propagation was observed to be robust against sharp bends, which is a hallmark of the expected valley protection. Our
VPhC waveguide is all-dielectric and planer, and embeds active materials and supports TElike modes. These properties are desirable to accommodate the demands from photonic integrated circuit technology as well as for exploring active topological photonics.
VPhCs can be constructed from a photonic graphene, a honeycomb PhC with the same refractive index modulation at each sublattice. The presence of both time and spatial inversion symmetry in photonic graphene leads to the formation of photonic Dirac points in the photonic band structure at the equivalent K and K' points 35, 36 . VPhC. Thus, these two VPhCs have distinct valley topologies. When interfacing these two VPhCs, the interface supports an edge state as a consequence of bulk-edge correspondence.
As discussed in previous works [20] [21] [22] [23] [24] [25] [26] [27] , the edge state can be a channel for light that is robust against certain types of defects including sharp bends of the interface because the K and K' valleys are well separated from each other in the reciprocal space, and therefore the intervalley scattering is largely suppressed.
Our VPhC design is also based on a honeycomb lattice with a period a. Its unit cells are have distinct valley topologies [20] [21] [22] 27 . Accordingly, the interfaces constituted of the two different VPhCs support waveguide modes originating from the difference in band topology.
The band structure projected along the zigzag interface formed by the two VPhCs with a = 330 nm and a slab thickness of 200 nm is shown in Fig. 1(d) . The band structure is calculated by using the 3D-PWE method. Here, we set the refractive index of the slab as 3.4, which corresponds to the refractive index of GaAs that we used in the following experiments. Two different zigzag interfaces, A-B and B-A interfaces (see Fig. 1 (e)) can be formed. In both configurations, topology-induced waveguide modes (solid orange and green solid curves for the A-B and B-A interfaces, respectively) exist. In contrast, in topological PhCs based on the band folding scheme [13] [14] [15] [16] , the topological waveguide modes exist below the light line, which is beneficial for photonic integrated circuit applications. The waveguide modes are localized around the interfaces, as shown in their calculated field profiles plotted in Fig. 1(e) . The A-B (B-A) interface supports a symmetric (anti-symmetric) in-plane electric field distribution, as shown in the plot. Therefore, the interfaces can work as optical waveguides. In the following, we focus on the A-B interface, as their symmetric field profile is more suitable for photonic integrated circuit applications. We fabricated the designed VPhC waveguides on a GaAs slab with a nominal thickness of 200 nm. Six layers of InAs QDs with a sheet density of 3.6 × 10 -2 cm -2 , acting as internal light emitters, were inserted at the middle of the slab layer. We patterned the structures using conventional semiconductor processing based on electron beam lithography. A scanning electron microscope (SEM) image of a completed sample is shown in Fig. 3(a) . The VPhC interface is 70a long and is terminated by the semicircle grating ports that out-couple the photons from the waveguide into free space. We optically characterized the samples by micro-photoluminescence (µPL) measurements. The samples were kept in a continuousflow liquid-helium cryostat and cooled down to around 8 K. We pumped the sample using an 808-nm CW laser diode through an objective lens and utilized PL emission from the QDs as an internal light probe. The PL from the QD ensemble spreads from 920 nm to 1250 nm due to inhomogeneous broadening and the contributions from the excited states. We analyzed the collected PL signals by using a spectroscope and an InGaAs camera.
First, we investigated the light transmission in a straight interface composed of the A-B domain wall (we name this configuration as "non-trivial"). Such an interface is shown in the SEM image in Fig. 3(a) . We excited the QDs embedded in the topological waveguide with with an A-A interface, which formed a trivial 'waveguide' (we call this "trivial"). In this case, the valley-based propagation mode becomes absent, leading to the disappearance of light emission at the output ports, as can be seen in Fig. 3(c) . We further characterize the topological waveguide mode at the A-B interface by measuring its spectrum at one of the output ports, as plotted in Fig. 3(d) . A comparison between the nontrivial and trivial samples
shows an increase in the out-coupling of light in the wavelength range from 1.02 to 1.13 µm, which can be considered as the transmission band of the topological mode within the fabricated VPhC interface. However, the wavelength region is largely shifted to shorter wavelengths. We confirmed that the slab thickness of the real samples was ~185 nm, thinner than the designed value, by SEM characterizations. The single-mode wavelength region and the L defined before, which were calculated using the actual slab thickness, are indicated by the yellow shaded region and the vertical dashed line, respectively, in Fig. 3(d) . The spectral range where the non-trivial sample shows stronger emission agrees well with the single-mode wavelength region. We note that the increased emission is also observed at around 1,180 nm. This could be attributed to the light guiding via the topological waveguide mode, which is overlapping with the bulk band in wavelength (see Fig. 1(d) ). We also confirm the spatial localization of the topological mode at the vicinity of the interface by measuring the dependences of the pump position on the PL intensities across the waveguide, as depicted in Fig. 3(e) . We monitored the PL intensities at the output port with band-pass filtering for 1050 nm ± 12.5 nm, while scanning the pump spot along the A-B-C line displayed in Fig. 3(a) . We observed a sharp peak at the position of the interface of the device with the topological A-B interface, elucidating the spatial confinement of the mode.
Next, we study light propagation in a Z-shaped VPhC waveguide composed of the A-B
interface. An SEM image of a corresponding sample is shown in Fig. 4(a) . First, we changed the excitation position and measured the emission spectrum above the output port located at the bottom right (marked by yellow circle in Fig. 4(a) ). The light-blue curve in Fig. 4(b) shows the emission spectrum that was obtained when the QDs buried around the grating port located at the upper left of the VPhC region were excited. Again, we observed an emission 7 peak around 1,070 nm, roughly coinciding with that for the case of the straight waveguide.
Note that the spectral region showing strong emission from the output port agrees well again with the calculated single-mode wavelength region. We also recorded the spectra above the output grating while varying the pump position, as overlaid in Fig. 4(b) . A strong emission from the output was observed only when we excited the QD at around the input grating port (position I). These results confirm that the emission peak originates from the QD emission In conclusion, we demonstrated light propagation through a GaAs VPhC waveguide operating in the near infrared by utilizing the emission from InAs QDs embedded in the waveguide. The waveguide is formed at the interface between two topologically-distinct VPhCs. We numerically and experimentally demonstrate robust waveguiding in the structure even under the presence of sharp bends. Our waveguide is based on a thin GaAs slab embedding InAs QDs and supports the propagation of TE-like modes, which are advantageous for photonic integrated circuit applications especially with active semiconductor materials. We envision that the VPhC platform presented here will be a stepping stone for exploring both passive and active topological photonics. 
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